Abstract. Previous studies show that the rate of return on research and development (R&D) capital is high. However, R&D-intensive industries in Japan have recently experienced a decline in performance. This study estimates the rate of return on R&D capital and physical capital as well as total factor productivity (TFP) to solve this puzzle. The rate of return is properly estimated applying the methods, which deal with simultaneity bias issues. After Japan entered the "lost decade", the rate of return on R&D capital dropped significantly, while the rate on physical capital did not. This trend cannot be found by the methods without considering the issues, typically used in previous studies. The slowdown of TFP growth occurs coincidentally with a declining rate of return on R&D capital, which suggests the importance of innovations that enable effective use of R&D capital. Considering the trends, the declining rate of return on R&D capital along with the slowdown of TFP growth are the main causes of the low performance of recent R&D-intensive industries. The results of this paper also offer suggestions on economic policies and growth strategies.
Introduction
Research and development (R&D) capital is thought to be at the core of technological progress. Most previous studies show that the rate of return on R&D capital is high. However, recent R&D-intensive industries in Japan 1 have experienced a decline in performance. The average annual growth of real value added and labour productivity for listed firms in Japanese R&D-intensive industries are shown in Table 1 . The annual growth rate is divided into three periods: the bubble period (1986) (1987) (1988) (1989) (1990) , the "lost decade" (1991-2001) 2 , and the period "after the lost decade" (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . The growth rate of value added declined significantly after 1991, except for pharmaceutical firms, which declined after 2002. It is worth noting that the average rate for R&D-intensive industries is lower than that for the manufacturing industry after 2002. The growth rate of labour productivity for R&D-intensive industries follows the same trend as that of value added. It has long been said that the strength of Japanese manufacturing firms lies in R&D capability 3 . Why then have R&D-intensive industries in Japan experienced a recent decline in performance? Table 1 . Average annual growth of real value added and labor productivity by industry
Value added
Labor productivity 1986-1990 1991-2001 2002-2010 1986-1990 1991-2001 2002-2010 Note: For R&D intensive industries (a. to e.), value added and labour productivity are calculated using the financial statements of Japanese listed firms. For manufacturing (f), they are adapted from the Financial Statements Statistics of Corporations by Industry, the Ministry of Finance. Labour productivity is calculated by value added per employees.
The purpose of this paper is to investigate the underlying factors behind the recent decline in the performance of R&D-intensive industries in Japan. Toward that end, the rate of return on the R&D and physical capital of Japanese listed firms in R&D-intensive industries is measured. Very few studies have provided empirical evidence using data from after 2000. The rates of return on both capitals are properly estimated through production function 4 with methods that deal with simultaneity bias issues, which few previous studies consider. By using the estimated parameters, the total factor productivity (TFP) is calculated to confirm whether there is in fact active innovation 5 . The results of this paper will also form the bases for considering economic policy and growth strategy. The remainder of this paper is organised as follows. In Section 1, previous studies are reviewed. Estimation methods are considered in Section 2. The rate of return on R&D and physical capital as well as the TFP of Japanese firms in the R&D-intensive industries are estimated and the main findings of the paper are discussed in Section 3.
Previous studies
Most previous studies measuring the returns on R&D capital rely on a production function framework, which contains R&D capital. It is assumed to be that as used in studies such as Hall and Mairesse (1995) as follows:
where Y is the value added, L denotes labour, K P is the physical capital and K R is the R&D capital. Table 2 shows previous studies on the rate of return on R&D capital, estimated using production function. In summary, the majority of previous studies that estimate the rate of return on R&D capital find the rate to be quite high, typically over 20% (Hall et al. 2010) . Table 3 shows previous studies on the rate of return on physical capital. Compared with the returns on R&D capital, those on physical capital are somewhat lower (Bernstein 1989) . 4 This study complements Branstetter and Nakamura (2003) , who report the decline in R&D productivity of Japanese manufacturing firms after 1990 by using a patent counts function. The problem in estimating R&D productivity by this function lies in the fact that there are some R&D activities that are not patented. In addition, they estimate R&D productivity based on the data on patents granted to Japanese firms in the United States because of data availability. However, the number of patent applications by Japanese firms in the United States is little more than 20%. 5 Low TFP growth was a key reason for the Japanese lost decade (Hayashi, Prescott 2002; Jorgenson, Nomura 2007) . Branstetter and Nakamura (2003) show that R&D productivity of Japanese firms reached a plateau around 1990 and grew little thereafter. Japanese firms were thought to be effective imitators and implementers rather than innovators by 1990. Raising TFP and advancing technological frontier are the necessary conditions for firms in R&D-intensive industries to raise the rate of return on R&D capital and get favorable performance. 
Methods to estimate the rate of return on capital
System generalised method of moments (GMM) by Blundell and Bond (1998) and the controlling functions methods proposed by Olley and Pakes (1996) (OP) and Ackerberg et al. (2015) (ACF) are representative production function approaches to deal with simultaneity issues 6 . Each approach is based on different assumptions and has different strengths and weaknesses (Griffith et al. 2006) . Therefore, comparing the results using alternative approaches would be a constructive exercise.
First, a production function with R&D capital in log form is considered, where y is the value added, l denotes labour, k P is the physical capital, and k R is the R&D capital:
, ,
System GMM
Error term e jt is divided into three, h j is an unobservable firm-specific component, and y jt is a serially correlated unobservable productivity that follows , ,
System GMM is applied to Equation (4), which is a dynamic representation of Equation (3), and then the minimum distance estimator is used to obtain b L , b P , and b R :
1 1 .
ACF procedure 7 with R&D capital
The essence of ACF is to address simultaneity and selection problems using a function that controls for unobserved productivity. ACF improves the OP procedure by assuming labour to be a dynamic input and by solving collinearity problems. The original ACF procedure is modified by adding R&D capital. The error term is divided into e = w + n jt jt jt . Both w jt and n jt are unobserved, but only w jt is a state variable in the firm's decision problem.
Labour is assumed to have dynamic implications 8 in that the labour choices at period t would affect the firms' optimal choices afterwards. In this approach, , , , ,w P jt R jt jt k k and l jt are included in the investment function. Furthermore, a firm's optimal investment level is assumed to be a strictly increasing function of the firm's current productivity, w jt :
Assuming that there is strict monotonicity of the investment function in w jt and that w jt is the only unobservable term in the investment function, i jt can be inverted to obtain w jt 9 :
In the first-stage estimation, a third-order polynomial of ( )
jt P jt R jt jt i k k l is used for w  , and φ jt is obtained 10 :
The following shows the optimal exit decision rule, where w jt is the threshold level for the states below, in which a firm exits:
In the second-stage estimation, the survival probabilities P jt are obtained using a probit model:
By taking the expectation of w jt (conditional on the information set at t-1, J jt-1 ) and setting
h P by Equation (9), the following equations are obtained: 
9 Ackerberg et al. (2015) also propose an idea of using intermediate input demand function, suggested in Levinsohn and Petrin (2003) , instead of using investment function. 10 Year dummies are added in estimating Equation (7). 11 Here, w jt follows a first-order Markov process, and x jt is the unexpected innovation.
In the third-stage, considering the selection correction and using Equation (10), Equation (11) is obtained:
Then, polynomials are used to approximate g (·), and Equation (11) is estimated using nonlinear least squares. Thus, consistent estimates of b L , b P , and b R are obtained.
Comparison of estimation methods: merits and disadvantages
2.3.1. System GMM System GMM does not require the setting of strict monotonicity for the investment function in w jt as is required by control function methods such as the ACF approach. Furthermore, it is possible to estimate the coefficient even when the adjustment cost of investment is not negligible. However, system GMM suffers from a weak instruments problem when the variances in individual heterogeneity are large (Bun, Windmeijer 2010) . In addition, it is necessary to pass the Sargan test of overidentifying restrictions to confirm instrumental validity.
ACF approach
The ACF approach can solve the simultaneity and selection problems inherent in production function estimations based on a structural model. However, there are two main problems in the ACF approach. First, it is assumed that the investment function at t is strictly monotonic in w jt . If the adjustment cost is not negligible, then the assumption of strict monotonicity will not be allowed, and Equation (6) will not hold. Second, when the investment is liquidity constrained, it will depend on cash flow (Brown et al. 2012 ). In such a case, the control function in Equation (6) will only capture part of the real productivity shocks.
Results and discussion
The rate of return on capitals was estimated using the methods introduced in sections 2.1 and 2.2 12 for three periods: the bubble period (1986) (1987) (1988) (1989) (1990) , the lost decade (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) and the period after the lost decade (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , along with the whole sample period. By definition, the rate of return on R&D capital is
The results are shown in Tables 4-7 13 . The results from both methods, system GMM and ACF, are essentially similar, which reveals the estimation results to be robust. Because the trends of declining value added coincide with that of the declining rate of return on R&D capital for R&D-intensive industries, it is inferred that they have a strong correlation.
12 Estimation results using the OP approach and OLS are also shown in Tables 4-7 as references. 13 Sargan overidentification tests do not reject instrumental validity for all the estimations results by system GMM. Basically, the results of Arellano-Bond AR(2) test also do not reject the null hypothesis that a serial correlation exists. Only one exception is the estimation on machinery firms in the lost decade (Table 7) , where the null hypothesis cannot be rejected at the 10% significance level.
Variables and data
Physical capital is calculated as ( ) Table 4 shows the results for pharmaceutical firms. The rates of return on both capitals are the highest among the R&D-intensive industries for whole sample period. In the bubble period, 1986-1990, the rates of return on both capitals were quite high, and remained so during the lost decade, 1991-2001. However, in the period 2002-2010, the rate on R&D capital declined significantly 16 . Table 5 shows that the rates of return on both capitals for the whole sample period are at similar levels. In the bubble period, the rate of return on R&D capital was much higher compared with that of physical capital. However, the rate of return on R&D capital substantially declined in the lost decade. After 2002, the rate of return on R&D capital recorded negative growth, while the rate on physical capital remained rather stable.
Electric and electronic manufacturing firms

Chemical firms
The rate of return on R&D capital is lower than that on physical capital for whole sample period. The rate of return on R&D capital was much higher than that of physical capital in the bubble period. However, the rate of return on R&D capital declined significantly after that period, while the rate of return on physical capital reveals an upward trend (Table 6 ).
14 Depreciation rates for R&D capital by sectoral basis estimated by Sakai (2016) Scherer (2010) points out that the probability of success in developing drugs has become lower in recent years. Notes: ***, ** and * indicate significance at the 0.01, 0.05 and 0.1 levels, respectively. The same conventions are used hereafter. The set of instruments for the system GMM estimator contains y, l, kp and kr lagged two periods or more in the difference equation and first difference of y dated t-1 in the level equation (Eq. (4)). The same cohnventions are used hereafter. Table 7 shows that the rate of return on R&D capital is much lower than that on physical capital for whole sample period. In the bubble period, the rate of return on both capitals was high. After the lost decade, the rate on R&D capital dropped significantly. After 2002, while the rate on both the capitals declined, the rate of return on physical capital remained rather stable.
Machinery firms
Results: total factor productivity (TFP)
The log of TFP can be derived by subtracting the inputs (
from the left side of Equation (2). Table 8 shows the estimation results of TFP by industries for three periods using the results of the estimated parameter by system GMM and ACF.
The estimated TFP growth by both methods shows similar trends. The results show a slowdown in the growth of TFP after 1991 except for pharmaceutical firms, which reveal declining TFP growth after 2002; this coincides with the estimated trend of the rate of return on R&D capital. 
Discussion
The rate of return on R&D and physical capital, and TFP are estimated to identify the causes for the recent decline in the performance of R&D-intensive industries in Japan. After Japan entered the lost decade, the rate of return on R&D capital dropped significantly, while the rate on physical capital did not. These results contradict previous studies that show a high rate of return on R&D capital. Compared with the results of the recent study by Ortega-Argiles et al. (2015) 17 , the rate of return on R&D capital is much lower for R&D-intensive firms in Japan than high-tech firms in the United States and the European Union. This suggests that there are factors particular to Japan. 
Conclusions
This study measured the rate of return on R&D and physical capital, and the TFP of Japanese firms in R&D-intensive industries. The rate of return on R&D capital and TFP growth dropped significantly after Japan entered the lost decade, while the rate on physical capital did not. Because the declining rate of return on R&D capital and the slowdown of TFP growth occurred coincidentally with the stagnating growth of value added, it is suggested that they are the main causes of the recent low performance of R&D-intensive industries.
The main contributions of this paper can be summarized as follows. First, this study contributes to the existing literature in that it estimates the rate of return using recent data. As shown in Tables 2 and 3 , very few studies have provided empirical evidence on a sectoral basis using data from after 2000. Second, we analysed the rate of return on capitals using models that deal with simultaneity bias, and found that our results contradict those in previous studies. Furthermore, this paper is novel in that it applies 18 The result is consistent with that by Hayashi and Prescott (2002) . Jorgenson and Nomura (2007) also demonstrate that the TFP growth of the Japanese manufacturing sector stalled during between 1990 and 2000, which is consistent with our findings in this paper. However, they also show that TFP began to revive from 2000 to 2004, which contradicts the results in our study. 19 Branstetter and Sakakibara (2002) find strong evidence that spillover potential is positively related to the outcomes of consortia. Branstetter and Nakamura (2003) note that the Japanese firms embedded in US technology networks enjoy a relatively higher level of R&D productivity. 20 Arora et al. (2013) find that Japanese IT firms had weaker innovation performance in the 1990s than those in the United States because of a limited supply of human resources with software knowledge and skills. 21 New management techniques and management practices are also thought to be important complementarity factors of R&D capital (Dudley, Moenius 2007) . 22 As is shown in 2.3.2, the ACF approach will not work well under the liquidity constraint.
ACF procedures with R&D capital. The recent trend of a declining rate of return on R&D capital cannot be found using OLS, the method typically used in previous studies (Tables 4-7) . System GMM and ACF procedures will become mainstream in production function analyses hereafter. Third, this study estimated TFP and found that its slowdown and the declining rate of return on R&D capital occurred coincidentally. The importance of innovations that enable effective use of R&D capital is also suggested in this paper. Fourth, the results of this paper offer suggestions on economic policies and growth strategies. Relying on the belief that the rate of return on R&D capital remains high, R&D tax cuts to promote R&D investment were implemented as part of the growth strategy under "Abenomics" 23 in Japan. According to the results of this paper, however, simply promoting R&D investment will be ineffective for growth. The factors behind the declining rate of return on R&D capital and methods to reverse this must be examined simultaneously.
This study has two limitations. First, we limited the sample to listed firms only, while some unlisted small and medium-sized firms are actively promoting R&D. Thus, it would be productive to enlarge the sample size to unlisted firms to better understand the recent situation concerning R&D-intensive industries. Second, this paper lacks qualitative evidence. Despite the declining rate of return on R&D capital, there are some Japanese firms in R&D-intensive industries (e.g., Keyence and Komatsu) that have sustained superior performance. Along with additional quantitative analyses, case studies of such firms are necessary to obtain clues as to how to revive the performance of firms that belong to R&D-intensive industries by implementing technology networks, human capital and management practices. These topics remain to be solved in future studies to complement the results of this paper. 
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